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experiments or by higher resolution computational methods such as all-atom simulations or ab-initio
quantum mechanics. When coarse-grained potentials are carefully developed, binding information such
as the optimal loading of guest molecules or the binding thermodynamics can be obtained. However,
dynamic information, such as diffusion, or atomistically detailed information, such as hydrogen bonding,
are not readily provided with coarse-grained simulations.

4. Statistical Field Theories

Statistical field theories, such as self-consistent field theory (SCFT) or nonlocal density functional
theory where the degrees of freedom are fluctuating fields, are an alternative to particle-based methods
such as all-atom or coarse-grained molecular dynamics [93]. In particular, SCFT has been widely used
for the prediction of equilibrium mesophases in polymeric systems [94–98]. Field-based simulation
approaches readily provide the decomposition of free energy into entropic and enthalpic contributions.
This is advantageous for modeling the binding mechanism between dendrimers and guest molecules
when the balance between entropic and enthalpic terms is desired [96]. However, no kinetic data
regarding binding can be obtained from statistical field theories.

Boris and Rubinstein proposed the dense-core model for the equilibrium structure of the starburst
dendrimers using a modified SCFT approach [94]. Since that time, the mean field theory has been
performed to understand the relationship between enthalpic and entropic driving forces and their
influence on the free energy of dendrimer systems. Giupponi et al. studied the conformational change of
polyelectrolyte dendrimers as a function of dendrimer generation using molecular dynamics simulations
and mean field theory [95]. In this study, the explicit free ions and the implicit solvent models
were applied to more accurately describe the electrostatic interaction of the dendrimer rather than the
Debye-Hückel approximation, since there are important nonlinear phenomena present in the counterion
distribution. Using this model, they found that the variation of the dendrimer structure was weaker
with increasing concentration of salt ions than the structure prediction given by the Debye-Hückel
approximation. Giupponi et al. explained that the weaker dependence of the dendrimer structure was due
to the osmotic pressure of the trapped counterions because the electrostatic interactions were strongly
screened by the local charge neutrality. They performed mean field theory calculations to determine
the osmotic pressure of the dendrimer based on the free energy calculation. From these calculations,
the osmotic brush regime for the dendrimer, in which the electrostatic interactions are strongly screened,
dominated to cause swelling of the dendrimer structure. Ting et al. studied hole formation and rupture of
a membrane caused by the insertion of a fully charged dendrimer “nanoparticle” using SCFT to rationally
design vectors for gene delivery systems [97]. They simplified the system using the discrete Gaussian
chain model, considering electrostatic interactions with constraints of one reaction coordinate and a
fixed position for the charged dendrimer. Using this simplified model, they considered two different
cases for membrane rupture, a tensionless membrane and a membrane under tension, with the latter case
being motivated by the proton sponge hypothesis for cell membranes. In the tensionless membrane, the
membrane deformed and partially wrapped the dendrimer (Figure 7); no stable pore was formed in the
membrane. For the membrane under tension, pore formation of the membrane was stable if the tension
exceeded a critical value. They also found that higher generations of the dendrimer provided more
stable pore structure in the membrane; this result is consistent with that using coarse-grained simulation
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based on the MARTINI model [99]. Recently, Ting et al. proposed more sophisticated model using
SCFT combined with the string method [100] to calculate the minimum energy path to membrane pore
formation and rupture [98]. The string method automatically determines the reaction coordinate of the
minimum energy path and thus, provides a means by which one may consider the actual nucleation
events for the pore formation induced by the dendrimer.

Figure 7. Volume fraction of head monomers,ϕH , in cylindrical coordinates (z vs. r) for a
tensionless membrane and a fully protonated G5 dendrimer with charge density of 1.55 nm−3

placed at vertical position zF . Reprinted from [97], Copyright (2011), with permission from
Elsevier.

5. Conclusions

The modeling studies discussed here have provided substantial insight into the fundamental
mechanisms of dendrimer-guest interaction in solution. Notably, they have shown that solution
conditions, including solvent pH and counterion distribution, play a key role in binding and must be
carefully incorporated in the model, whether the simulation is being run at the all-atom, coarse-grained,
or mesoscale. In general, when reducing the degrees of freedom to construct multiscale models, great
care must be taken to validate the longer length and time scale approaches against experimental data
and all-atom simulations or first principles quantum mechanical calculations. Based on the examples
discussed here, the outlook is promising for future applications of truly multiscale simulations, that is
calculations where one may readily reduce or increase (by reverse-mapping) the degrees of freedom on
demand, that address the relevant details of dendrimer-guest binding in solution.
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